Abnormal proliferation, apoptosis repression and differentiation blockage of hematopoietic stem/progenitor cells have been characterized to be the main reasons leading to acute myeloid leukemia (AML). Previous studies showed that miR-29a and miR-29b could function as tumor suppressors in leukemogenesis. However, a comprehensive investigation of the function and mechanism of miR-29 family in AML development and their potentiality in AML therapy still need to be elucidated. Herein, we reported that the family members, miR-29a, -29b and -29c, were commonly downregulated in peripheral blood mononuclear cells and bone marrow (BM) CD34 þ cells derived from AML patients as compared with the healthy donors. Overexpression of each miR-29 member in THP1 and NB4 cells markedly inhibited cell proliferation and promoted cell apoptosis. AKT2 and CCND2 mRNAs were demonstrated to be targets of the miR-29 members, and the role of miR-29 family was attributed to the decrease of Akt2 and CCND2, two key signaling molecules. Significantly increased Akt2, CCND2 and c-Myc levels in the AML cases were detected, which were correlated with the decreased miR-29 expression in AML blasts. Furthermore, a feed-back loop comprising of c-Myc, miR-29 family and Akt2 were found in myeloid leukemogenesis. Reintroduction of each miR-29 member partially corrected abnormal cell proliferation and apoptosis repression and myeloid differentiation arrest in AML BM blasts. An intravenous injection of miR-29a, -29b and -29c in the AML model mice relieved leukemic symptoms significantly. Taken together, our finding revealed a pivotal role of miR-29 family in AML development and rescue of miR-29 family expression in AML patients could provide a new therapeutic strategy.
Acute myeloid leukemia (AML) is a malignant hematopoietic neoplasm characterized by myeloid differentiation arrest and rapid growth and apoptosis repression of tumor cells that arise from the hematopoietic stem/progenitor cell (HSPC) population within the bone marrow (BM). 1 The high incidence of AML was found in many countries. 2 The French-American-British (FAB) classification system divides AML into eight subtypes, from M0 to M7, and AML cases involving the monocytic and granulocytic lineage (M1-M5 subtypes) account for 90% of adult patients. 3 In the past three decades, great progress has been made in AML treatment as for the involvement of novel agents and allogeneic stem cell transplantation. 4, 5 However, the overall survival is not optimistic, especially for the older patients. 6, 7 Recent studies on the pathogenesis of AML showed that genetic disorder had the most important role in determining the response to chemotherapy and outcomes, which lead to the incorporation of targeted therapy into the standard treatment and open a new exciting era in AML therapy. Emerging agents include Gemtuzumab ozagamicin-targeting CD33, 8 histone deacetylase 9, 10 and proteosome inhibitors, 11 antiangiogenesis agents, 12 Fms-like tyrosine kinase 3 inhibitors 9,13,14 and so on. MicroRNAs (miRNAs) are small non-coding RNAs that negatively regulate gene expression in the posttranscriptional level, [15] [16] [17] which have been identified as crucial regulators in normal and malignant biological processes. [17] [18] [19] [20] [21] [22] [23] [24] Therefore, the identification of these deregulated miRNAs and their responsive targets may provide potential biomarkers for cancer diagnostics and therapeutic targets in cancer therapy.
MiR-29 family is among the most studied miRNAs. It contains three members, miR-29a, -29b and -29c. The sequences of mature miR-29 members are highly homologous and contain the same 'seed sequence'. MiR-29s mainly function as tumor suppressors in mantle cell lymphoma, 25 hepatocellular carcinoma, 26, 27 leukemia, [28] [29] [30] lung cancer, 31 and so on. However, miR-29 members could also promoted cell migration and invasion and repressed cell apoptosis in breast cancer cells and hepatoma cells. 32, 33 In AML, miR-29a and miR-29b but not miR-29c were reported to be downregulated in AML patients with monosomy 7, 28 and our previous work showed that miR-29a was markedly downregulated in AML patients ignoring AML subtypes. 30, 34 Despite the high similarity of mature miR-29a/b/c sequence, several studies showed that different isoforms of miR-29 family could execute distinct functions. 35, 36 Therefore, a comprehensive study of miR-29s' functions, mechanisms and their potentiality in AML therapy is still needed.
Herein, we demonstrated that the miR-29 family members were coincidently downregulated in AML patients and function as tumor suppressors by regulating cell proliferation and apoptosis via targeting AKT2 and CCND2 mRNAs. Ectopic implantation of miR-29s into the AML model mice relieved leukemic symptom apparently. Our results strengthened the understanding of the function and mechanism of miR-29 family in AML development and further demonstrated their potentiality in AML therapy.
Results
Expression of all the miR-29 family members is markedly downregulated in AML patients. We firstly performed Taqman stem-loop RT-PCR in peripheral blood mononuclear cells (PBMNCs) derived from 81 newly diagnosed AML patients (M1-M5 subtypes) and 93 normal controls to analyze the expression patterns of miR-29s. The specificity of the Taqman probes and primers for detecting miR-29a, -29b and -29c was confirmed (Supplementary Figure S1) . We observed similar tendency of expression change, that is, a significantly decreased expression of miR-29a, -29b and -29c was detected in AML samples as compared with the healthy donors ( Figure 1a ). No significant difference of the miRNA expression was detected among the different AML subtype groups and patients with different chromosomal and molecular abnormalities. Receiver-operating characteristic (ROC) curve analysis suggested that expression levels of all the three miRNAs could be as markers with high sensitivity and specificity for AML diagnosis (Figure 1b) .
MiR-29s are involved in regulation of cell proliferation and apoptosis. As differentiation blockage, abnormal cell proliferation and apoptosis repression are the key reasons that result in carcinogenesis and an important role of miR29a in myeloid differentiation had been demonstrated, 34 we wanted to examine whether each miR-29 member could affect cell proliferation and apoptosis in myeloid cells. We transfected miR-29a, -29b, -29c and control mimic into THP1 and NB4 cells and measured the percentage of living cells at 0, 24, 48, 72 and 96 h and the apoptosis cells at 72 h after transfection. The results showed that over-presence of any a miR-29 family member was able to inhibit cell proliferation at a great extent ( Figure 2a ) and induce early and late apoptosis in both THP1 and NB4 cells (Figures 2b and c ).
AKT2 and CCND2 are common targets of the miR-29 family members. Using three online softwares: TargetScan, miRanda and PicTar, we identified several potential targets of miR-29 family (data not shown). Among these genes, we chose AKT2 and CCND2 for further study, because of their critical roles in promoting cancer development. There are two putative binding sites in their 3 0 UTRs (untranslated regions) (Figure 2d ). To test whether the miR-29 members were able to regulate AKT2 and CCND2 directly, we firstly performed dual luciferase reporter experiments and found that the luciferase activity of AKT2_WT and CCND2_WT was remarkably reduced after transfection with miR-29a, -29b or -29c mimic for 36 h. However, single mutation and double mutations Figure 1 Significantly decreased miR-29s expression was detected in AML patients. (a) The expression of miR-29a, -29b and -29c in PBMNCs derived from 93 healthy donors and 81 AML patients were detected by Taqman stem-loop RT-PCR, and U6 snRNA was used as the internal control. Each real-time PCR assay was performed in triplicate. One common sample was detected in every real-time PCR operation to eliminate the errors among different plates. ***Po0.0001. (b) ROC curve analysis of miR-29a, -29b and -29c expression in patients. The AUC, sensitivity and specificity were: 0.940, 0.935 and 0.852 for miR-29a; 0.924, 0.871 and 0.778 for miR-29b; 0.874, 0.871 and 0.704 for miR-29c; 0.912, 0.885 and 0.765 for miR-29s, respectively abolished the repression by each miR-29 member partially or completely, indicating that miR-29 family could specifically target their binding sites in the 3 0 UTRs of AKT2 and CCND2 (Figure 2e ).
We next observed significantly decreased expression of the endogenous AKT2 and CCND2 in two myeloid leukemia cell lines, THP1 and NB4, at both protein (Figure 2f , left) and mRNA levels (Supplementary Figure S2) , after transfection with miR-29a, -29b or -29c mimic for 48 h. Furthermore, increased protein levels of both targets were detected when knockingdown the endogenous miR-29a, -29b and -29c expression through miRNA inhibitors (Figure 2f, right) .
The above results demonstrated AKT2 and CCND2 as the common target genes of the miR-29s in THP1 and NB4 cells.
MiR-29s regulate cell proliferation and apoptosis through targeting AKT2 and CCND2 mRNAs. To test whether the regulation of cell proliferation and apoptosis by miR-29s was mediated through Akt2 and CCND2 directly, we firstly transfected siRNAs that specifically interfere in AKT2 or CCND2 expression in both THP1 and NB4 cells and confirm that the knockdown of either AKT2 or CCND2 could reduce cell proliferation and promote cell apoptosis (Supplementary Figure S3) .
Then we performed rescue experiments by transfection of 3'-UTR-negative AKT2 and CCDN2 together with miR-29. As expected, transfection with the pcDNA3.1_AKT2 (or pcDNA3.1_CCND2) alleviated the reduction of Akt2 and CCND2 protein levels resulted from miR-29b mimic treatment (Figure 3a ). In agreement with the expression of target proteins, transfection with the pcDNA3.1_AKT2 (or pcDNA3.1_CCND2) mitigated the inhibition of cell amplification (Figure 3b ) and the increase of apoptotic cells (Figure 3c ) resulted from miR-29 mimic treatment.
We also performed rescue experiments by transfection with the combination of AKT2 siRNA (or CCND2 siRNA) and miR-29a inhibitor (or miR-29c inhibitor) in THP1 cells. The results showed that transfection with AKT2 siRNA (or CCND2 siRNA) mitigated the increase of cell amplification and the decrease of apoptotic cells resulted from miR-29 inhibitor treatment (Supplementary Figure 4) . The above data confirmed that the effects of miR-29s on cell proliferation and apoptosis were attributed to their target proteins, Akt2 and CCND2.
The regulation of miR-29 family on cell proliferation and apoptosis is dependent on the Akt pathway and p-Rb level. As Akt2 is one of three members of Akt family that functions as the hub in the PI3K/Akt signal pathway, [37] [38] [39] we measured the levels of downstream p-Akt (Ser473) and p-GSK3b in NB4 and THP-1 cells after transfection with miR-29a, -29b, -29c or control mimic for 48 h and found that overexpression of each miR-29 family member downregulated the phosphorylation levels of Akt and GSK3b (Figure 3d ), which was consistent with the observation that transfection of NB4 and THP-1 cells with the siRNAs that specifically probed to AKT2 decreased p-Akt and p-GSK3b levels ( Figure 3e ).
CCND2 is one member of the cyclins participating in promoting the transition of cell cycle from G1 phase to S phase and functions through regulating phosphorylation of Rb. 40, 41 Therefore, we measured p-Rb and total Rb in NB4 and THP1 cells and observed a decreased p-Rb level after transfection with each miR-29 member, whereas the level of total Rb unchanged ( Figure 3f) . Knockdown of the endogenous CCND2 could 'phonoscope' the function of miR-29 on Rb phosphorylation in both NB4 and THP-1 ( Figure 3g ). We next detected the DNA context using flow cytometry in miR-29 mimics-and CCND2 siRNAs-treated NB4 and THP-1 cells and observed that both miR-29 mimics (Figure 3h ) and CCND2 siRNAs (Supplementary Figure S5) inhibited the G1 to S transition in these cells. These data demonstrated that miR-29s could inhibit cell proliferation and induce cell apoptosis through regulating the Akt pathway and the p-Rb level.
MiR-29a/b/c expression was negatively correlated with Akt2 and CCND2 expression in the PBMNC samples. To further elucidate the relationship between miR-29 family and Akt2/CCND2 expression in primary samples, we firstly detected Akt2 and CCND2 in PBMNC samples derived from 20 newly diagnosed AML patients and 23 healthy controls and a significantly increased Akt2 and CCND2 protein expression was observed in AML patients (Figures 4a, b and Supplementary Figure S6 ). However, a significantly downregulated miR-29a, -29b and -29c expression levels were detected in the same AML samples (Figure 4c ). The scatter plot and the Pearson correlation analysis further showed that miR-29a/b/c expression was negatively correlated with the target protein levels in the PBMNC samples (Figures 4d, e) . These data suggested that the decreased miR-29s expression is related to the increased Akt2 and CCND2 levels in most of the AML patients.
A feed-back loop comprising of c-Myc, miR-29 family and Akt2 is involved in myeloid leukemogenesis. It had been reported that c-Myc negatively regulated the expression of miR-29aB29b-1 and miR-29b-2B29c clusters at the transcriptional level. [42] [43] [44] We thus deduced that the decreased miR-29 family levels in AML cases might arise from deregulated c-Myc expression. As expected, the levels of mature miR-29a, -29b and -29c were increased after knockingdown the endogenous c-Myc expression in THP1 cells (Figure 5a ). Correspondingly, the protein levels of Akt2 and CCND2 were decreased ( Figure 5b Table 1) . Then BM CD34 þ cells derived from three AML patients (no. 6, M4; no. 1, M2 and no. 11, M5) were infected with the recombinant viruses expressing miR-29a, -29b, -29c and GFP, respectively. The infection efficiency was confirmed by real-time PCR, and the GFP-positive cells were collected for analysis. The proliferative activity of cells was detected at day 3, 5, 7 and 9, and the percentages of cells at early and late apoptosis stages were measured at day 5 after infection. The results showed that overexpression of each miR-29 member inhibited cell proliferation (Figure 6b ) and induced cell apoptosis (Figure 6c ) in the AML blasts. Moreover, reintroduction of each miR-29 member suppressed Akt2 and CCND2 expression in the AML blasts (Figure 6d ), which further confirmed that the miR-29 members participated in regulating cell proliferation and cell apoptosis at least partially through repressing Akt2 and CCND2 expression.
As our previous work showed positive regulation of miR-29a on granulocytic and monocytic differentiation and reintroduction of miR-29a into AML BM CD34 þ cells could overcome the differentiation arrest, we examined whether miR-29b and miR-29c have the same effects as miR-29a. Following virus infection of BM CD34 þ cells derived from no.6, no.1 and no.11, the cells were induced to monocytic and granulocytic differentiation simultaneously or individually. By flow cytometry of the myeloid differentiation markers (CD11b and CD14) and May-Grünwald Giemsa staining, we observed that, consistent with miR-29a, reintroduction of miR-29b or -29c in AML CD34 þ cells significantly promoted granulocytic and monocytic differentiation (Supplementary Figures S8-S10 ).
Intravenous injection of miR-29s inhibits leukemic spreading in the AML model mice. For further examining the potential of miR-29 family in AML therapy, we constructed the AML murine model by tail vein injection of HL-60 cells in NOD/SCID mice (Figure 7a ). At about 30 days after injection, the mice showed marked leukemic symptoms including paresis in the rear limbs, ruffled fur, remarkably hunched posture and splenomegaly. Then 1 Â 10 7 IFU viral particles that express miR-29a, -29b, -29c and GFP, respectively, were injected intravenously into the AML mice. Fifteen days later, the mice treated with the viruses expressing any miR-29 member showed a significant reduction of leukemic cells in the BM and spleen as compared with those injected with the virus expressing the empty virus vector (Figures 7b and c) . Importantly, local necrosis was found in the control mice, whereas splenomegaly was relieved obviously in the mice treated with the virus expressing miR-29a, -29b or -29c (Figure 7d ). Haematoxylin and eosin (H&E) staining of spleens collected from the control mice showed serious neoplastic infiltration by HL-60. However, the spleens from the mice treated with each miR-29 member had reduced neoplastic infiltration (Figure 8a , upper and Supplementary Figure S11) . Besides, immunohistochemistrical analysis of the proliferative marker Ki-67 and the apoptopic marker caspase-3 was performed in the spleen sections and the results showed decreased cell proliferative rate and higher caspase-3 level in the mice treated with each miR-29 member (Figure 8a , middle and lower; Supplementary Figures S12 and S13) . Furthermore, significantly decreased protein levels of Akt2 and CCND2 were detected in the BM and spleens of miR-29 membertreated mice (Figure 8b ). These results indicated that miR-29a, -29b and -29c have great potential in AML therapy and they affected AML development at least partially through targeting oncogenes: AKT2 and CCND2.
Discussion
The vital role of miR-29 family members as tumor suppressors or oncogenes has been studied by several groups. To the best of our knowledge, this is the first study to explore their therapeutic roles in the AML model mice. We first confirmed that all of the miR-29 members were coincidently downregulated in PBMNCs and BM CD34 þ cells derived from AML patients (M1-M5 subtypes) and found that the deregulated miR-29 family expression could be as markers for AML diagnosis. Reintroduction of miR-29a, -29b and -29c individually significantly inhibited proliferation, induced apoptosis and promoted the myeloid differentiation of HSPCs from AML patients and AML cell lines. Finally, we proved that ectopic administration of each miR-29 member relieved leukemic symptoms significantly in the AML model mice.
The role of miR-29a and miR-29b as the tumor suppressor has been reported in AML. Our previous work demonstrated that miR-29a is involved in the regulation of normal myeloid differentiation via negative regulation on cyclin T2 (CCNT2) and cyclin-dependent kinase 6 (CDK6) genes, and enforced the expression of miR-29a in CD34 þ HSPCs derived from health controls and AML patients could promote myeloid differentiation. 34 Another group also reported that overexpression of miR-29a and miR-29b reduced cell growth and induced cell apoptosis in K562 and Kasumi cells, and reduced tumorigenicity in the xenograft leukemia model mice through targeting CDK6, MCL1 and CXXC6. 28 Contrary to the above results, one group reported that overexpression of miR-29a in the hematopoietic system resulted in biased myeloid lineage development and development of a myeloproliferative disorder that progresses to AML. Besides, the overexpression of miR-29a enhanced proliferation at the level of multipotent progenitors and in 293T but not in common myeloid progenitors or granulocyte-macrophage progenitors. 36 We speculated that the paradoxical results might result from the differences in differentiation stages and cell types.
The underlying mechanisms of miR-29 members to regulate cell proliferation, differentiation and apoptosis have been illustrated in different cell types. The miR-29 miRNAs could repress two p53 inhibitors, p85 and CDC42, to restore p53 expression in HCC cells. 45 So far, several antiapoptotic genes were also identified as targets of the miR-29 members. For example, it has been suggested that the loss of the regulation of Tcl-1 by miR-29 facilitates the upregulation of Tcl-1 in aggressive B-chronic lymphocytic leukemia. The Tcl-1 proto-oncoprotein, as an important coactivator of Akt, mediates the antiapoptotic signaling in various tumor cells. 46 Recent work showed that miR-29 members could participate in the YAP-PI3K-PTEN-mTOR signaling pathway through targeting PTEN to regulate organ development. 47 Moreover, MiR-29 could also promote tumor migration through targeting PTEN in breast cancer cells and hepatoma cells. 32, 33 The phosphatidylinositol 3' kinase (PI3K) pathway is one of the most potent pro-survival pathways in cancers. It had been reported that primary cells from AML patients had constitutive the activation of the PI3 kinase mediator Akt. Inhibition of PI3 kinase in a short-term culture system led to decreased growth in most AML samples and was associated with the apoptopic induction in these cells. 48 However, in human CD34 þ cells, only low levels of Akt activation were shown. 48 Akt2 is a homolog of the v-akt oncoprotein, a serine/threonine kinase pro-survival protein, which is activated by the PI3K pathway. In the present work, we demonstrated that AKT2 mRNA as a common target of miR-29a, -29b and -29c, and knockdown of AKT2 could 'phenocopied' miR-29s' functions and inhibitory effects on p-Akt (S473) activity in AML cell lines. Rescue experiment further confirmed that the miR-29 family members functioned through downregulating Akt2 expression directly to promote cell apoptosis and reduce cell proliferation.
Several cell cycle-related proteins, including CDK6 28 and CCNT2, 34 have been confirmed to be target proteins of the . Untreated and con: ***Po0.0001; con and 29a: ***Po0.001; con and 29b: *Po0.05; con and 29c: ***Po0.0001 miR-29 members and function in AML development. It has been reported that miR-29s target CCND2 in Rhabdomyosarcoma. 49 Herein, we showed that the function of miR-29s to inhibit cell proliferation and induce cell apoptosis was also attributed to their repression on CCND2 protein expression and the responsive decrease of downstream p-Rb level. Knockdown of CCND2 led to the arrest of cells in G1 phase, which further resulted in decreased cell growth and increased cell apoptosis. Furthermore, overexpression of CCND2 could rescue the effects resulted from upregulated miR-29 expression. More importantly, increased Akt2 and CCND2 expression was detected in PBMNCs derived from AML patients, which was negatively correlated with the decrease of miR-29 family expression.
C-Myc was reported to negatively regulate miR-29 expression. [42] [43] [44] To explore whether downregulated miR-29 expression was attributed to deregulated c-MYC expression in AML, we detected c-Myc expression in AML patients and performed gain-and loss-of-function experiments and found a feed-back loop comprising of c-Myc, miR-29 family, Akt2 being involved in myeloid leukemogenesis.
Recently, miRNAs have gained considerable attention as therapeutic targets in various diseases. Several strategies have been developed to restore the function of the miRNAs that are downregulated in cancer cells. A recent study showed that systemic delivery of a miR-34a mimic, in complex with a neutral lipid emulsion, was able to decrease tumor burden in a murine model of non-small cell lung cancer. 50 Adenovirusassociated vectors-mediated the restoration of miR-26a expression in a mouse model of hepatocellular carcinoma resulted in significant suppression of proliferation and induction of apoptosis, thereby inhibiting cancer progression. 51, 52 In many cases including leukemia, the downregulation of miR-29 family correlated with more aggressive forms and poor prognosis of cancers. These results promote us to investigate whether ectopic implantation of the miR-29 members could have a therapeutic effect on AML. We demonstrated that reintroduction of each miR-29 member could partially correct abnormal cell proliferation and apoptosis repression and myeloid differentiation arrest in AML BM blasts. We also found that AML mice treated with each miR-29 member showed a dramatic reduction of AML cell engraftment in the mice BM and spleens, relieved splenomegaly, reduced neoplastic infiltration, decreased cell proliferative and increased cell apoptosis activities in spleens. Further studies are required to ascertain the optimal dose for injection and improve the delivery system to get less toxic and higher efficiency.
Taken together, our data confirmed one new mechanism that c-Myc-induced the downregulation of miR-29 miRNAs and the responsive upregulation of their target proteins Akt2 and CCND2, which participates in regulating cell proliferation and cell apoptosis, is involved in the AML development. The results from treatment of AML BM blasts and the leukemic model mice with the miR-29 members suggested that restoration of miR-29 family expression in AML patients could provide a new strategy for AML therapy.
Materials and Methods
Cell lines and their maintenance. The human promyelocytic cell line NB4 and human acute monocytic leukemia cell line THP-1 as well as human embryonic kidney cell line 293T were maintained in RPMI-1640 medium (Gibco, BRL, UK) supplemented with 10% FCS (Gibco), 50 U/ml penicillin, and 50 mg/ml Separation of mononuclear cells (MNCs) and CD34 þ cells. The peripheral blood samples and BM samples from normal volunteers and AML patients were obtained from the Hematology Department of 303 Hospital in Nanning, and the Department of Hematology of the Affiliated Hospital of Inner Mongolia Medical College, China. These AML samples include the major FAB subtypes from M1 to M5 at specific differentiation states of granulocytic and monocytic lineages: 7 M1 samples, 24 M2 samples, 18 M3 samples, 12 M4 samples and 20 M5 samples. The informed consents were obtained from all of the examined subjects and the related studies were approved by the ethics committees of the participating hospitals and institute. MNC fractions were isolated from the samples by percoll density gradient (d ¼ 1.077) (Amersham Biotech, Little Chalfont, UK) and the BM MNC fractions were enriched for CD34 þ HSPCs using magnetic-activated cell sorting technology according to the manufacturer's recommendations (Miltenyi Biotec Inc., Cologne, Germany). The PBMNCs and BM CD34 þ cells were used for the preparation of RNA and proteins. The BM CD34 þ cells were also used for further virus infection.
Recombination lentivirus construction and transduction. The self-inactivating transfer vector plasmids pMIRNA1, pSIH1-H1-siLuc-copGFPTM and the pPACKH1TM packaging kit were purchased from System Biosciences (SBI, Mountain View, CA, USA). A 500-bp DNA fragment including pre-miR-29a, a 500-bp DNA fragment including pre-miR-29b and a 1000-bp DNA fragment including pre-miR-29c were obtained by PCR amplification using the human genome DNA as the template and the primers as described in Supplementary  Table 2 . The fragments were inserted into the downstream of the CMV promoter in pMIRNA1 to get pMiR-miR-29a, pMiR-miR-29b and pMiR-miR-29c, respectively. The virus packaging was performed according to the manufacturer's instructions. The virus particles (lenti_miR-29a, -29b, -29c and lenti_control) were harvested and concentrated using PEG-it Virus Precipitation Solution (SBI). Virus titer was determined in 293TN cells using the global untrarapid lentiviral titer kit (SBI) and performed according to the manufacturer's instructions.
The isolated CD34 þ cells were cultured in IMDM (Gibco) supplemented with 30% FCS, 1% BSA, 100 mM 2-mercapto-ethonal, 100 ng/ml recombinant human SCF and 10 ng/ml IL-3, 2 mM L-glutamine, 60 mg/ml penicillin and 100 mg/ml streptomycin for 1 to 2 days before infection. After cell infection with the virus particles in the presence of polybrene (concentration) (Sigma-Aldrich, St. Louis, MO, USA), the medium was replaced by fresh induction medium. The induction mediums include the same contents as above, except 2 ng/ml IL-3, 10 ng/ml IL-6 and 20 ng/ml G-SCF for granulopoietic differentiation; 2 ng/ml IL-3, 1 ng/ml IL-6, 50 ng/ml M-SCF and 100 ng/ml Flt-3L for monocytopoietic differentiation; and 10 ng/ ml IL-3, 10 ng/ml IL-6, 10 ng/ml GM-SCF and 100 ng/ml Flt-3 for myeloid (granulopoietic and monocytopoietic) differentiation. All the cytokines were purchased from PeproTech (PeproTech, London, UK).
Oligonucleotides, constructs and transfections. The mimics of MiR-29a, -29b and 29c, inhibitors and negative controls were purchased from Dharmacon (Chicago, IL, USA) and transfected into NB4 and THP1 using DharmaFECT 2 (Chicago, IL, USA) at a final concentration of 100 nM. The siRNAs probed to AKT2, CCND2, c-MYC as well as siRNA control were synthesized by Origene (Rockville, MD, USA) and transfected into NB4 and THP1 cells using DharmaFECT2 at a final concentration of 10 nM.
The open reading frames (ORFs), but not including the 3 0 UTRs of AKT2, CCND2 and c-MYC, were obtained by PCR amplification using human complementary DNA (cDNA) as the template and inserted into pcDNA3.1( þ ). The PCR primers were described in supplementary Table 2 . The recombination expression plasmids were transfected into THP1 and NB4 cells using FuGENE HD transfection reagent (Roche, Penzberg, Germany) according to the protocol. The efficiency of transfection was confirmed by real-time PCR and western blot.
Dual luciferase reporter experiments. The 3' UTRs of AKT2 and CCND2 containing the predicted binding sites of miR-29a-, -29b-and -29c were amplified by PCR from human cDNA using primers as described in Supplementary  Table 2 , and inserted into the pMIR-REPORT luciferase reporter vectors (Ambion, Austin, TX, USA) to get the constructs containing the wild-type AKT2 3 0 UTR and CCND2 3 0 UTR (AKT2_WT and CCND2_WT), respectively. AKT2_M-1 and CCND2_M-1 contained the sequences with mutations in the first putative binding site of AKT2 3 0 UTR and CCND2 3 0 UTR, respectively. AKT2_M-2 and CCND2_M-2 contained the sequences with mutations in the second putative binding site of AKT2 3 0 UTR and CCND2 3 0 UTR, respectively. The last two (AKT2_dM or CCND2_dM) contained the sequences with mutations in both binding sites of AKT2 3 0 UTR and CCND2 3 0 UTR, respectively. Mutations of the predicted seed regions in these two mRNA sequences were created using the primers including the mutated sequences. The recombination constructs, pRL-TK (Promega, WI, USA) and miR-29a, -29b, -29c or control mimic were co-transfected into 293T cells using lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). The plasmid of pRL-TK containing Renilla luciferase was used as internal control. Firefly and Renilla luciferase activity were measured using Dual Luciferase Assay (Promega) according to the manufacturer's instructions at 36 h after transfection. All transfection assays were carried out in triplicate.
RNA isolation, reverse transcription and quantitative RT-PCR. Total RNA was extracted from the harvested cells and tissues using Trizol reagent (Invitrogen) according to the manufacturer's instruction. cDNAs of mRNAs were obtained by using M-MLV reverse transcriptase (Invitrogen) and oligo(dT)18. For miRNAs, the stem-loop reverse transcription was manufactured according to the Chen's report. 53 The primers for reverse transcription of miRNAs and quantitative RT-PCR as well as the taqman probes were described in Supplementary Table 2. Quantitative RT-PCR was carried out in the Bio-Rad IQ5 real-time PCR system according to the manufacturer's instruction (Bio-Rad, Hercules, CA, USA). The data were normalized using the endogenous b-actin and U6 snRNA for mRNA and miRNAs separately. The 2-DDCT method was used in the analysis of PCR data.
Western blot analysis. Total protein extracts of cell lines and tissue samples were extracted using the radio immunoprecipitation assay (PIRA) buffer and stored at À 80 1C. Cell lysates (40 mg of total protein extracts) and prestained molecular markers were subjected to electrophoresis on 12% polyacrylamide SDS gels. The antibodies include those against Akt2, p-Akt, Akt, GSK-3b, p-GSK-3b (Ser9), CCND2, Rb, p-Rb (Ser780), c-Myc (Cell Signal Technology, Danvers, MA, USA) and b-actin. Immunoblots were quantified by Image J software (Free software utilised by NIH).
Cell proliferation, apoptosis and cell cycle assays. Cells were reseeded into 96-well plates at a density of 10 000 cells per well after transfection or infection for 12 h. Cell viability was measured every 24 h by adding 10% CCK-8 (DOJINDO, Japanese) and incubated at 37 1C for 3 h. The optical density was read at 450 nm with a microplate spectrophotometer. Each experiment was carried out in triplicate.
To examine whether miR-29a, -29b and -29c induce apoptosis, AML cell lines were transfected with miR-29a, b and c mimics and negative control, respectively, and the apoptosis cells were detected using the FITC Annexin V Apoptosis detection kit 1 (BD, Franklin Lakes, NJ, USA) at 72 h after transfection. For the CD34 þ cells derived from AML samples, the cells were infected with lenti_miR-29a, -29b, -29c and lenti_control, respectively, and the apoptosis cells were detected using the PE Annexin V Apoptosis detection kit 1 at day 4 after infection.
For cell cycle analysis, at 48 h after transfection with miR-29a, -29b, -29c or control mimic, the cells were harvested and washed twice with PBS and fixed in 75% ethanol overnight. The next day, cells were washed twice with PBS and incubated in RNaseA (20 mg/ml) at 37 1C for 30 min, then stained with propidium iodide (PI, 0.5 mg/ml) at 4 1C for 30 min. Finally, the cells were washed and resuspended in 500 mL PBS followed by detecting the DNA content using Becton-Dickinson flow cytometer.
May-Grü nwald Giemsa staining. The infected CD34 þ cells derived AML samples were induced for monocytopoietic and granulopoietic differentiation and harvested every 3-5 days for staining. The harvested cells were washed twice with PBS and resuspended in serum, then the fresh prepared and air dried blood smears were fixed in methanol for 10 min. The slides were stained in pure May-Grünwald solution for 5 min, then washed in PBS for 5 min and incubated in a 10% Giemsa/water solution for 30 min. The slides were then washed in PBS, air dried and observed under optical microscopy Olympus BX51 (Olympus, Tokyo, Japan).
Flow cytometric analysis. The infected AML CD34 þ cells were induced for myeloid differentiation and harvested every 3-5 days for analysis. The harvested cells were washed twice and resuspended in 100 ml cold PBS, which were then incubated with PE-conjugated anti-CD11b and anti-CD14 (Biolegend, San Diego, CA, USA) on ice for 30 min. Finally, cells were washed using cold PBS and fixed in 4% paraform for further analysis on Accuri C6 flow cytometer (BD).
In vivo studies. Five/six-week old female NOD/SCID mice were purchased and housed under specific pathogen-free conditions. All procedures involving animals were performed according to the institutional guidelines. HL-60 cells (5 Â 10 6 ) suspended in 100 ml EDTA-PBS were injected into the tail vein of sublethally irradiated (250 cGy) NOD/SCID mice. At about 30 days after injection, mice showed obvious leukemia signs. Then 1 Â 10 7 IFU viral particles for miR-29a, -29b, -29c and negative control individually were injected into each mouse intravenously. Each group includes five mice. For mice in the 'untreated' group, 100 ml EDTA-PBS were injected. At day 15 after injection, the mice were killed and the tissues including the spleen and BM obtained by femur flushing were collected for further detection. Single cell suspension from the spleen and BM was prepared for flow cytometric analysis and protein and RNA extractions. The red blood cell lysis buffer was used to exclude erythrocytes. The human specific CD33 surface maker was used to identify the human leukemia cells and the detailed procedure for flow cytometric analysis was same as the description above.
Histology and immunohistochemistry. Murine spleen tissue was fixed in 10% formalin for 24 h, embedded in paraffin, cut into 4-mm-thick sections and stained with H&E to perform the histological studies. Immunohistochemical staining was performed on formalin-fixed, paraffin-embedded murine spleen sections. Murine spleen sections were stained with the anti-human ki-67 (1 : 100 dilution, Abcam, Cambridge, UK) or anti-human caspase-3 (1 : 100 dilution, Abcam). To enhance immunostaining, the antigen was preretrieved in citrate buffer using pressure cooking within a calibrated microwave and heated for 1.5 min. Slides were counterstained with Mayer's hematoxylin and photographed with optical microscopy Olympus BX51 (Olympus).
Statistics. Student's t-test (two-tailed) was performed to analyze the data. P-valueso0.05 were considered significantly. The correlation between miR-29s expression and the protein levels of target genes was examined by the Pearson correlation analysis.
